Phase variation of type 1 pili (fimbriae) was studied during the in vivo growth of Escherichia coli in two animal models. In the first, a heavily piliated urinary tract isolate (strain 149) was placed in 1-cm polypropylene chambers sealed with 0.22-,um-pore-size filters. The chambers were surgically implanted intraperitoneally in mice and recovered at various times. Piliation, as determined by electron microscopy and by measuring the minimum number of bacteria needed to produce mannose-sensitive hemagglutination, gradually decreased, and by day 5, most of the organisms were nonpiliated. In the second model, piliated and nonpiliated E. coli phase variants were inoculated into the bladders of BALB/c mice via urinary catheters, and their fate in the lower urinary tract was studied. Viable counts of bladder homogenates revealed that piliated phase variants were significantly more effective in colonizing the bladder urothelium than were their nonpiliated counterparts. Specific antibody to type 1 pili prevented colonization by the piliated organisms. After inoculation of piliated variants, the bladder-associated bacteria gave rise to approximately 80% mannose-sensitive hemagglutinationpositive colonies, and immunocytochemistry of bladder lavages revealed large numbers of type 1 piliated bacteria adhering to the bladder transitional cells. Electron microscopy confirmed the presence of piliated bacteria in association with the bladder urothelium. The urine of these mice, whose bladders were colonized with piliated bacteria, frequently showed no growth, and when bacteria were present, strain 149 yielded less than 30% hemagglutination-positive colonies. The results suggest that for some E. coli strains, phase variation may be a factor in determining the fate of the E. coli in the urinary tract and that the urine may not necessarily reflect the bacteriologic state of the bladder mucosa.
Type 1 pili are nonflagellar, filamentous appendages found on many strains of Escherichia coli and other gram-negative bacteria (5, 7) . These structures mediate bacterial hernagglutination (HA) of various erythrocytes (RBCs) , and this reaction is inhibited by mannose and certain mannosecontaining oligosaccharides (6, 8, 29, 34) . Type 1 pili also mediate mannose-sensitive (MS) binding to a variety of other eucaryotic cells (3, 23, 26, 27, 33, 37) . The expression of type 1 pili varies from strain to strain and even between individual organistns of a given culture and is influenced by growth conditions (4-6, 8, 13, 42) . Growth in static broth selects for piliated organisms (30) , while repeated passage on agar often selects for nonpiliated organisms, although some strains retain their type 1 pili despite repeated subculture on agar (10) . The rate at which type 1 pili are phenotypically expressed or are lost, after growth in broth or on agar, respectively, also differs between strains (10). The mechanism by which bacterial cells control pilus expression is unclear. Eisenstein (11) has provided evidence that piliation is under transcriptional control similar to flagellar phase variation in salmonella (39) , and Nowicki et al. (25) have reported the occurrence of phase variation among different fimbrial types. It was recently shown that four gene products are involved in type 1 pilus production (32) , and one of these, a 23-kilodalton polypeptide, is involved in pilus regulation (31) .
Investigations of the role of type 1 pili in urinary tract infections (UTI) have led to conflicting results. Evidence for the importance of type 1 pili in establishing lower UTI has come from in vitro experiments (35, 43) , from the fact that bacteria isolated from the urine of patients with UTI ex-pressed MS adhesins (22) , from the observation that methyla-D-mannopyranoside protected mice from experimental UTI (1) , and from studies with animal models (14, 15, 18, 21) which showed that inoculation of piliated organisms into the bladder resulted in significantly more colonization of the urinary tract than when nonpiliated organisms were inoculated. However, conflicting results have been obtained with animal models (41) , and it has also been reported that urinary pathogens isolated from patients with UTI were nonpiliated until repeated passage in broth (19, 28) . These conflicts may be attributed to the occurrence of phase variation of type 1 pili in vivo. In fact, come investigators have suggested that phase variation may itself be a virulence factor (11, 12, 28) . Proteus mirabilis, which exhibits phase variation of pili, is much more likely to cause pyelonephritis in experimental ascending infections if it is in the fimbriate phase (36) . In contrast, the nonpiliated phase is more virulent when the route of inoculation is hematogenous (38) , possibly because leukocytes recognize pili via mannose receptors (2, 3, 23, 37) .
The experiments described here show that piliated E. coli cells become nonpiliated during growth in vivo in chambers implanted in the peritoneal cavities of mice. Furthermore, in an animal model of UTI, piliated organisms were found to be associated with bladder urothelium, but bacteria recovered simultaneously from the urine were frequently nonpiliated. (EM) confirmed that all four strains were piliated when grown in broth and that strains 149, 92, and 75 became nonpiliated after passage on agar while strain 21 retained its type 1 pili. The degree of piliation of strain 21 grown on agar was slightly less than that of the strain grown in broth as determined by HA titer. All four strains were continuously passed both on agar and in broth throughout this study. Strain 92 produced two distinct colony types: a large flat colony with irregular borders that was nonpiliated and a small smooth round colony that was piliated. No differences in colony morphology were observed between piliated and nonpiliated cells for the other three strains.
Inoculum properties. For inoculation with piliated bacteria, E. coli were taken from ongoing (brain heart infusion) broth cultures which had been continuously subcultured at least six times. Overnight cultures (1 ml) were centrifuged in an Eppendorf centrifuge for 1 min, and the pellets were suspended in 0.1 ml of phosphate-buffered saline (PBS, pH = 7.3; Difco), which corresponded to a concentration of approximately 1010 bacteria per ml. For inoculation with nonpiliated phase variants, E. coli colonies which had been subcultured previously on blood agar at least six times were suspended in brain heart infusion broth to an optical density at 540 nm of 0.73. A 1-ml portion of this suspension was then centrifuged for 1 min, and the pellets were suspended in 0.1 ml of PBS, which corresponded to a concentration of approximately 1010 bacteria per ml. Four mice were inoculated with a spontaneous streptomycin-resistant mutant of strain 149, and bladder homogenates were plated on agar containing streptomycin to demonstrate that the organisms recovered from the urinary tracts of mice were the same as those that had been inoculated. Animals (9) . Each chamber contained approximately 103 cells of strain 149 diluted in PBS. The chambers were then surgically implanted into the peritoneal cavities of mice and recovered at various times to test the HA titer and to visually quantitate piliation via EM. Organisms adherent to the chamber walls and filters were recovered by vigorously vortexing the chambers in 1 ml of PBS.
RESULTS
Effect of in vivo growth on piliation. It is well documented that environmental conditions influence the expression of type 1 pili in vitro, but little is known about phase variation in vivo. To study the effect of in vivo growth on expression of type 1 pili, the piliated variant of strain 149 was placed in polypropylene chambers sealed with 0.22-p.m-pore-size filters and surgically implanted intraperitoneally in mice. The bacteria were retrieved at various times, and their degree of piliation was determined by EM and by measuring the minimum number of bacteria required to produce MS HA. The results are shown in Table 1 . The initial inoculum of 103 bacteria, 94% of which were heavily piliated, grew to 108 bacteria per ml within 24 h. In this short time, EM revealed a substantial reduction in the degree of piliation, and this corresponded to the 10-fold increase observed in the minimum number of bacteria needed to cause HA (HA titer). After 1 day of growth, only 16% of the bacterial population remained heavily piliated (>30 pili per cell); 22% had become moderately piliated (10 to 30 pili per cell); another 22% had become slightly piliated (1 to 9 pili per cell); and 40% were now nonpiliated. By day 3, no heavily piliated bacteria remained, and in fact, 98% of the bacteria were nonpiliated or slightly piliated as determined by EM.
Behavior of phase variants in experimental UTI. Piliated variants of E. coli 149 and 92 were inoculated into mouse bladders. Dilutions of bacteria recovered from urine and from bladder homogenates at various times were plated on agar, and colonies arising after approximately 18 h of growth were tested for their ability to produce MS HA (Fig. 1) . A total of 78% of the bacteria recovered from bladder homogenates of mice that had been inoculated with strain 149 and 96% of the bladder-associated bacteria of mice that had been inoculated with strain 92 gave rise to piliated MS HA colonies. EM confirmed that the HA-positive colonies consisted of piliated bacteria and the HA-negative colonies were nonpiliated. Furthermore, type 1 pili apparently mediated the HA reaction, since antiserum prepared against purified type 1 pili of strain 149 reacted specifically with the pili as shown by immunogold EM (Fig. 2) , and the antiserum also inhibited the HA reaction of that strain.
The bacteriologic state of the urine was often unlike that of the bladder in mice which had been inoculated with piliated bacteria. Of those mice having piliated bacteria colonizing their bladder urothelium, 59% yielded sterile (<250 bacteria per ml) urine cultures even when as many as 104 bacteria were present on their bladder surfaces. Often, when the bladder walls were colonized with the piliated variant of strain 149, the nonpiliated variant would simultaneously be expelled in the urine. Of the bacteria recovered from the urine of mice that had been inoculated with the piliated variant of strain 149, 72% gave rise to nonpiliated and HA-negative colonies (Fig. 1) . The two open circles (urine isolates of strain 149) in Fig. 1 represent an experiment in which urine cultures were obtained at 7 and 14 days postinoculation. Approximately 106 bacteria per ml were present at day 7 and 103 bacteria per ml were present at day 14, and all of the colonies tested from urine cultures arose from the nonpiliated variant as they were HA negative. In the same experiment, bacteria associated with the bladder at days 7 and 14 were piliated. Thus, after inoculation of the piliated variant of strain 149, piliated bacteria were found to be colonizing the bladder urothelium while nonpiliated phase variants were expelled in the urine.
Immunocytochemical and EM studies done on bladder lavages confirmed that the bacteria associated with the bladder urothelium possessed type 1 pili. Mice that had been inoculated with the piliated variant of strain 149 were sacrificed by cervical dislocation, which caused them to urinate. Bladder urothelial cells were then obtained by lavaging the empty bladder with sodium cacodylate buffer. Cytologic preparations of the lavage specimens demonstrated that bacteria adhered to both superficial umbrella cells and deeper, small, round transitional cells. When this preparation was stained for the presence of type 1 pili by the PAP technique, the adherent bacteria stained bright red, indicating that they were heavily piliated (Fig. 3) . Free bacteria were also stained although not as intensely as the adherent bacteria; presumably the free bacteria were less heavily piliated. Control (nonpiliated) organisms were unstained. EM of these bladder lavage specimens confirmed that most of the bacteria were heavily piliated. When the bacteria were treated with specific anti-type 1 pilus antibody in the immunogold procedure, gold particles were observed to be specifically attached to the pili. Figure 1 shows that the urine samples from mice inoculated with the piliated variant of strain 149 gave rise to primarily HA-negative colonies but on occasion yielded predominantly HA-positive colonies; urine samples from mice inoculated with the piliated variant of strain 92 always yielded predominantly HA-positive colonies. Cytologic observations on those urine samples from mice that had been inoculated with the piliated variant of strain 149 and gave rise to predominantly HA-positive colonies revealed a large number of exfoliated uroepithelial cells densely covered with adherent bacteria. The adherent organisms gave a positive reaction for the presence of type 1 pili by the PAP technique (Fig. 4) , while many of the free bacteria were nonpiliated. Urine cultures from strain 149-colonized mice that produced mainly HA-negative colonies consisted mostly of free bacteria.
Role of type 1 pili in establishing bladder infections. Several experimental approaches were used to investigate the role of type 1 pili in establishing UTI. The first was to inoculate piliated and nonpiliated phase variants into the mouse bladder and at various times plate dilutions of bacteria recovered V .' ' , ' + , . , . , , . : : . : . , ' . . . . , . , , : :
.S,;; from urine and bladder homogenates to determine viable counts. Piliated phase variants of strains 149 and 92 were significantly more effective in colonizing the bladder than their nonpiliated counterparts (P < 0.01; Fig. 5 ). The mean log numbers of bladder-associated bacteria at various times after inoculation of the piliated variants of strains 149 and 92 were 4.04 and 3.64, respectively. When the nonpiliated variants of these strains were inoculated, the mean log number of bladder-associated bacteria was 0.72 for strain 149 and 0.65 for strain 92. The inability of the nonpiliated variant to significantly colonize the bladder was presumably due to the absence of type 1 pili. The nonpiliated variant of strain 75 was also significantly less effective than its piliated counterpart in colonizing the mouse bladder (P < 0.05). However, in some instances after the nonpiliated variant of strain 75 was inoculated into the bladder, more than 103 organisms were recovered. This may have been due to the ability of the organisms to switch to a piliated phase in vivo since most of these bladder-associated bacteria (at levels greater than 103 organisms per bladder) gave rise to piliated, MS HA-positive colonies. The importance of type 1 pili in the initial stages of colonization of the mouse bladder was confirmed by treating the piliated variant of strain 149 with specific antiserum or Fab fragments to its type 1 pili before inoculation into the mouse. In three separate experiments this treatment significantly reduced or completely inhibited bladder colonization (data not shown).
To investigate whether other factors besides type 1 pili varied between agar-grown and broth-grown organisms and affected their ability to colonize the mouse bladder, strain 21, which does not show phase variation of type 1 pili in vitro, was inoculated into the mouse bladder after growth on agar or in broth. Both inocula were equally capable of colonizing the bladder, presumably because both possessed type 1 pili (Fig. 5) . The viable counts of bladder-associated bacteria at various times after inoculation of strain 149 are shown in Fig. 6 . The amount of time between inoculation and recovery of the bacteria did not seem to alter the observation that piliated variants were significantly more effective in colonizing the urothelium than their nonpiliated counterparts (P < 0.01). When the piliated variant was inoculated into the mouse bladder, it persisted over the 7-day period of study. Furthermore, these bacteria remained in the piliated state during this time as they primarily gave rise to MS HA-positive colonies. In contrast, when nonpiliated variants were inoculated into the mouse bladder, they were quickly eliminated from the urinary tract. The few bacteria that were recovered from the bladder continued to give rise to nonpiliated HA-negative colonies. DISCUSSION The occurrence of phase variation of type 1 pili of E. coli in vitro is well documented (4, 5, 11, 25, 42) , and some investigators have speculated that this phenomenon occurs in vivo as well (12, 28) . Phase variation in E. coli has been suggested to be a virulence factor (12, 28) , and evidence for variation during growth in vivo, so that after 24 h, most of the population had become nonpiliated or slightly piliated. An alternative explanation, that a few nonpiliated cells in the original inoculum outgrew the piliated cells, cannot be ruled out, but seems less likely. The shift toward a nonpiliated population continued between days 1 and 3, long after the stationary phase of growth had been reached.
Phase variation of type 1 pili may play a role in experimental UTI in the mouse. Inoculation of piliated bacteria into the mouse bladder invariably resulted in bladder colonization; bacteria were always recovered from the bladder urothelium up to 7 days after inoculation (Fig. 5) . Furthermore, the bladder-associated bacteria were predomninantly piliated as detected by HA characteristics (Fig. 1) , by EM, and by the demonstration that bacteria adherent to bladder transitional cells gave a positive reaction for the presence of type 1 pili in the PAP procedure. On the other hand, nonpiliated organisms appear to be more frequently eliminated in the urine. For example, 72% of the bacteria in the urine of mice inoculated with the piliated variant of strain 149 were in the nonpiliated state while the bladderassociated bacteria continuously expressed type 1 pili.
Cytologic examination of urine samples that gave rise to primarily HA-positive colonies showed large numbers of bacteria adherent to exfoliated transitional cells. Immunocytochemical staining with specific antibody revealed that the adherent bacteria possessed type 1 pili. Thus, the presence of piliated organisms in the urine may often be due to their being carried along with exfoliated bladder transitional cells.
Several for the idea that type 1 pili are important in the initial colonization of the bladder mucosa. Nonpiliated variants were significantly less effective in colonizing the urothelium after inoculation into mouse bladders, presumably due to their inability to adhere to the bladder mucosa. Other investigators have reported similar results (14, 15) . Support for the idea that the type 1 pili are responsible for early colonization events came from the observation that when piliated organisms were treated with specific anti-type 1 pilus antiserum or Fab fragments they behaved like their nonpiliated counterparts. In some instances, inoculation with the nonpiliated variant of strain 75 led to colonization of the bladder mucosa (Fig. 5) . This appeared to be mediated by the piliated variant, present either as a minor proportion of the original inoculum or arising during in vivo growth in the bladder, because the majority of colonies arising from bladder-associated bacteria were HA positive when the degree of bladder infection was greater than 103 organisms.
Our results suggest that organisms in urine do not necessarily mirror the organisms colonizing the bladder mucosa: nonpiliated bacteria may exist in the urine while the piliated phase variants are simultaheously colonizing the urothelium.
This may account for the results of other investigators (19, 28) who found that fresh urinary isolates were (i) unable to mediate MS HA, (ii) unable to adhere to epithelial cells in vitro, and (iii) nonfimbriate as determined by EM. The work presented here might predict that nonpiliated organisms would be recovered from the urine but that these organisms would not necessarily reflect the state of piliation of bladderassociated bacteria. Furthermore, the absence of organisms in the urine may not reflect the bacteriologic state of the bladder mucosa. We found that 59% of mice inoculated with the piliated variant of strain 149 yielded no growth on urine cultures, yet all of these mice were shown to have colonized bladders. All of the urine samples examined cytologically also revealed a state of pyuria whether or not bacteria were present. Therefore, if this model can be extrapolated to the human situation, patients with pyuria and dysuria may have unrecognized UTI.
